This study evaluated microstructural and crystallographic phase changes after grinding (G) and regeneration firing/anneling (R) of Y-TZP ceramics. Thirty five bars (Lava TM and Ice Zirkon) were divided: Y-TZP pre-sintered, control (C), regeneration firing (R), dry grinding (DG), dry grinding+regeneration firing (DGR), wet grinding (WG) and wet grinding+regeneration firing (WGR). Grinding was conducted using a diamond bur and annealing at 1,000°C. The microstructure was analyzed by SEM and the crystalline phases by X-ray diffraction (XRD). XRD showed that pre-sintered specimens contained tetragonal and monoclinic phases, while groups C and R showed tetragonal, cubic and monoclinic phases. After grinding, the cubic phase was eliminated in all groups. Annealing (DGR and WGR) resulted in only tetragonal phase. SEM showed semi-circular cracks after grinding and homogenization of particles after annealing. After grinding, surfaces show tetragonal and monoclinic phases and R can be assumed to be necessary prior to porcelain layering when grinding is performed.
INTRODUCTION
Zirconia, due to its mechanical properties, is one of the most studied materials in the bioceramic field 1, 2) . The stabilization of this material at room temperature by means of the addition of yttrium oxide has made the tetragonal polycrystalline zirconia stabilized by yttrium (Y-TZP) the most widely used zirconia ceramic in dentistry [1] [2] [3] . Y-TZP exhibits good properties such as biocompatibility, high hardness, wear resistance, high flexural strength and fracture toughness 3, 4) . For these reasons, it is one of the most suitable materials to withstand the high stresses that are imposed on multiunit bridges 5) . Contrasting with the conventional dental ceramics, zirconia has an absence of a glassy phase and is considered a polymorphic material with three crystalline phases: monoclinic (m), tetragonal (t) and cubic (c) 3, 6) . Moreover, this material is distinguished by a mechanism known as transformation toughening; that is the capacity of its tetragonal phase, by absorbing the energy of the crack, to increase its grain size and consequently exert a compressive stress on the crack, preventing it from spreading [1] [2] [3] 6, 7) . Often during clinical and laboratorial procedures, zirconia frameworks require processing to achieve a better adjustment 8, 9) . This is commonly done by means of chemical and/or mechanical manipulations including milling, sandblasting and/or grinding procedures that may induce stresses that promote t→m transformation [10] [11] [12] [13] . Adjustments of zirconia abutments using high or low speed grinding require further studies due to the divergent results in literature 14) . Although the transformation to monoclinic phase toughens the zirconia surface, it can have a negative impact on the mechanical stability of prostheses, depending on the material's ability to prevent or retard the propagation of cracks, becoming a material with lower reliability 11, 14) . A positive or negative effect after grinding depends on the t→m volume percentage transformation and on the conversion's metastability 8, 15, 16) . Each manufacturer recommends a different surface treatment, including annealing, that would act as a "regenerative" firing for reestablishment of the tetragonal lattice 17, 18) . Once the adjustment procedures are finished, the regeneration firing might induce reverse transformation (m→t), returning the Y-TZP to a metastable tetragonal phase zirconia that, although less resistant, is more stable 15) . This heat treatment has already been studied, but still deserves attention because of the disagreement between protocols suggested by different authors and due to microstructural characterization after regeneration firing that has not been fully understood yet [18] [19] [20] . Thus, this study focused on analyzing Y-TZP microstructure after grinding and annealing (regeneration firing) in more detail in order to characterize the material's crystalline phases and draw initial conclusions regarding the interaction among its different phases. The surface of the 3Y-TZP were ground using a hand-piece (Kavo Extratorque 605, Kavo do Brasil Ind. e Com, Joinville, SC, Brazil) at a grinding speed of 350,000 rpm in a high-reliability cutting device that allows to standardize the pressure (0.98 N) and the amount of grinding (0.3 mm) 21) . During the grinding procedure, a diamond bur (4ZR, Komet, Brasseler, Lemgo, Germany) with a 150 μm grain size was used with or without water-spray irrigation. The burs were changed after grinding of every five specimens 9) . The groups that were submitted to regeneration firing (R, DGR and WGR) were annealed in a porcelain furnace (AluminiPress EDG Equipamentos e Controles, Sao Carlos, SP, Brazil) at 1,000 o C for 30 min with a 1,000 o C pre-drying temperature. After this period the specimens were removed from the furnace and air-cooled to room temperature.
MATERIALS AND METHODS

Specimen preparation
X-ray diffraction
The specimens' analyses were executed using an X-ray diffractometer (D8-Advance, Bruker, Karlsruhe, Germany). This analysis was conducted at 2θ range between 20º and 80º with a step size of 0.02º in continuous mode of 1.8°/min, a 2.5º divergence Soller slit and Position-Sensitive Detector Lynxeye. The relative amount of crystalline structures, that is, the monoclinic, tetragonal and cubic phases, were determined with X-ray diffraction (XRD) data using the Rietveld method (RM) 22, 23) . The refinements were performed with TOPAS Academic 5.1, fundamental parameters were used to adjust the peak shapes, and the background was fitted using 7-terms of Chebyshev polynomial 24) . Preferred orientation was fitted with harmonics spherical 4-terms and the unit cell and crystallite sizes were refined. Some of the encountered peaks (34.0°, 39.8°, 42.9° 2θ) were characteristic of the acrylic sample holder 25) .
Scanning electronic microscopy
Scanning electron micrographs (×2,000) were obtained (JSM-6510LV, JEOL, Peabody, MA, USA) to illustrate the microstructural surfaces. Specimens were analyzed after cleaning with isopropyl alcohol, dried and gold coated 10) .
RESULTS
The obtained diffractograms are shown in Fig. 2 . Some differences regarding the full width at half the height are observed in both groups and are related to small differences in specimens crystallite sizes. Small differences are also seen in the intensities, for example, at approximately 60° 2θ where it is possible to observe the differences in intensities between the pre-sintered specimen and the WGR in both groups, such differences are due to the preferential orientation of the tetragonal phase. These artifacts do not affect the evaluation of the results presented in this paper. On C and R specimens, it was possible to identify cubic phase because (002) The quantitative phase analysis was performed using the Rietvield Method, which is the method of refinement of the crystalline structure. Table 1 shows the mass percentages of the phases found in the experimental groups. It is possible to observe that the major phase is tetragonal in every condition. The monoclinic phase is found in small amounts and is only absent in the groups submitted to grinding and annealing (DGR groups and WGR). The cubic phase was identified in the C and CR groups only.
The behavior of Lava and Ice Zirkon were similar.
The unit cell dimensions of cubic and tetragonal phases are similar, with differences only in the axes a and b for the tetragonal phase, which leads to a different volume between them (Table 2 ). According to the Diffraction File (PDF number 89-9069), the volumes of cubic and tetragonal phases are respectively equal to 135.40 Å 3 (PDF number 89-9069) and 67.03 Å 3 (PDF number 79-1771). It is interesting to point out in this table the differences in volumes of the tetragonal, monoclinic and cubic phases, which can affect the properties of zirconia, since they represent their packaging. Figures 3 and 4 show SEM micrographs of the specimens after the experimental procedures. The 
DISCUSSION
X-ray diffraction has been often used to quantify the crystalline zirconia phases; however some inconsistent results regarding the peaks of tetragonal, cubic and monoclinic phases have been continuously referred and compared among papers [26] [27] [28] [29] . In this study, the presintered specimens showed tetragonal and monoclinic phases in an amount allowed by the ISO 13356 30) . After sintering, the tetragonal phase was the main crystalline phase, but cubic phase was also identified 27, 28) . Its formation could be explained due to the temperature and sintering cycle used (1, 500 o C for 8 h) that favors its formation.
Presence of cubic phase after sintering was already identified by some authors when sintering temperatures in the range of 1,450-1,600ºC were used 24, [31] [32] [33] . However, this phase is not always reported, mostly because of the overlap of the main planes of the cubic phase in relation to tetragonal 28) . The main peak of the cubic phase plane (111) at 30.11º (2θ) overlaps with the (011) at 30.22º (2θ) of the tetragonal phase; thus it is not possible to distinguish them depending on the instrumental broadening of the equipment.
Thereby, percentage by mass and resolution of some equipment could make it impossible to unambiguously identify the cubic phase peak. Sometimes the cubic phase can be identified with indication of a left shoulder on the peak of the planes (013) and/or (121) of the tetragonal phase 27) . Additionally, in some papers, the cubic phase is identified but authors discuss the results considering the sum of the tetragonal and cubic phases. It is important to point out that adding these two phases may result in a misunderstanding since the properties of zirconia are highly influenced by the volume of the phases. The cubic phase has two times the volume of tetragonal ( Table 2) .
The literature shows a wide range of monoclinic content identified in sintered specimens that reveals differences related to the manufacturer's processing regimen, the zirconia composition, grain size and polishing procedures 34) . In general, studies showing 0% monoclinic content after sintering are usually associated with a post-sintering polishing, a procedure that was not performed in this study 20) . After grinding, both Lava TM and Ice Zirkon specimens presented crystallographic and microstructural changes. The cubic phase was completely removed even with or without coolant, the tetragonal phase increased and monoclinic phase diminished in comparison to control group. A possible explanation for the elimination of cubic phase in G groups could be designated to the stress exerted on the specimens during grinding. It is known that the cubic phase has a better symmetry than the other space groups; however, the amount of yttrium in Y-TZP makes this material metastable in environment temperature only in tetragonal phase 2, 3, 6) . Thus, a generating source of tension (grinding) was able to reverse the cubic phase to tetragonal, instead of inducing t→m transformation. Furthermore, grinding could remove some monoclinic grains from surface, and the local heat generated by grinding could induce m→t transformation, explaining the decrease of monoclinic phase in groups DG and WG.
Most studies showed that grinding, with or without water coolant, promotes the t→m transformation [35] [36] [37] , differently of the present study. This could be explained by the presence of cubic phase, since the transformation c→t occurred before a possible t→m transformation. In most findings, the control group starts at values very close to 0% of monoclinic phase, causing the grinding to act as the energy provider and transform the tetragonal phase into monoclinic. In the present study, the control group began with higher levels of monoclinic grains, with this, grinding, with or without coolant had a reverse effect. It is known that in cases of severe grinding it is possible to occur the t→m transformation and then right after the reverse m→t transformation happens due to the localized excessive heat 38) . Therefore, it can be inferred that, instead of increasing the amount of monoclinic phase in relation to the control group, energy and heat generated by grinding promoted a reverse transformation (m→t) on the surface of the material. Since grinding without irrigation did not have any sort of cooling, it had a power of reverse transformation greater than grinding with irrigation.
Some studies 2, [39] [40] state that grinding with irrigation would be less aggressive, causing less superficial defects, generating a smaller number of cracks and promoting an adequate compressive superficial layer in the zirconia, improving the material. However, other studies 38) have verified that grinding without irrigation would favor the zirconia through a reverse phase transformation (m→t), due to the localized generated heat, and that the t phase could increase the flexural resistance of the zirconia 28) . In this study it was observed that grinding, irrespectively of DG or WG, promoted a reverse phase transformation (m→t) when compared with the control group, with WG group being responsible for the greater transformation of monoclinic grains into tetragonal (Tables 1 and 2). SEM images (Figs. 3 and 4) showed elongated semicircular cracks in the corner of specimens and did not identify differences due to the grinding with or without coolant. The presence of semi-circular cracks were also reported by Marshall et al. 41) who showed that initial cracks appear at the surface as a series of semi-circular (or semi-elliptical) surface cracks beneath the scratch of the grinding groove 41) . Moreover when the material is significantly damaged by an applied tension some of the cracks coalesced and spread, causing a failure.
When a new energy source, such as the regeneration firing is provided (annealing), the small amount of monoclinic phase reverses to tetragonal phase, generating a more stable material 15, 20, [42] [43] [44] . The short duration and lower temperature (1,000°C for 30 min) of the regeneration firing in comparison with those of sintering does not induce the formation of cubic phase. Cubic phase only stabilizes at high temperatures and remains at room temperature with other percentages of dopants 33) . According to Sanon et al. 45) , different surfaces favor the start of the t→m transformation 45) . When the results of groups C and R were compared, it appears that annealing alone did not promote the complete transformation of monoclinic grains, but only one reduction of its quantity (Table 1) . However, monoclinic phase was completely removed when specimens were ground. As explained previously, part of the monocyclic phase may have been removed by grinding, while remained grains were subjected to plastic deformation, becoming more susceptible to m→t transformation by annealing. This could be corroborated by SEM images (Figs. 3 and 4) that show an evidencing in the grains after annealing. No sealing of the cracks, observed by other author, could be observed 18) .
CONCLUSIONS
The regenerative heat treatment after grinding allowed obtaining 100% tetragonal phase and homogenization of the particles. Therefore, it can be assumed that the regenerating heat treatment becomes a procedure that must be done prior to the application of the layered porcelain when some kind of grinding is performed on the surface of the Y-TZP zirconia.
